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Abstract 
>. 

We study the signals and backgrounds for a heavy Higgs boson in the processes 

77 — > WWWW, 77 — > WW ZZ at the photon linear collider. The results are 

^. ■ based on the complete tree level SM calculation for these reactions. We show that 

the invariant mass spectrum of central WW, ZZ pairs is sensitive to the signal 

from Higgs boson with a mass up to 1 TeV at a 2 TeV linear collider for integrated 

luminosity of 300 fb _1 . At 1.5 TeV PLC Higgs boson with a mass up to 700 GeV 

can be studied. The nonresonant longitudinal gauge boson scattering (mjj = 00) 

can be detected in photon-photon collisions at e + e~ center-of-mass energy of 3 TeV. 
P-i, 
<D 
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1. Introduction 



One of the most challenging puzzles of contemporary particle physics is whether Nature 
indeed makes use of the Higgs mechanism of spontaneous electroweak symmetry breaking. 
If Higgs boson will be found below 800 GeV or so, this will be a proof of the so called 
weak scenario of the symmetry breaking (SB). Otherwise the scenario of the strongly 
interacting electroweak SB (EWSB) will take place (for recent reviews see, e.g., Jl|). The 
study of strong EWSB is one of the major motivations to built the next generation of 
colliders. While the potential of hadronic colliders (see, e.g., and references therein) 
as well as linear e + e~ colliders |l|,[|,||] to explore EWSB was extensively studied, much 
less was done for 77 colliders [BrIH], which would provide additional unique capabilities 



m 



The would be "gold-plated" channel for Higgs boson production at a Photon Linear 
Collider (PLC) 

17 ^H^ZZ^(qq)(l + n (1-1) 

was shown recently to be suffered from very large background from continuum ZZ pair 
production through W boson loop for the Higgs mass above 350 GeV [IT]. So this 



reaction, although very promising for the measurement of the two-photon Higgs width 



for Mh < 300 — 400 GeV, provides very poor possibilities for studying of a heavy Higgs 



and EWSB [[TJ, [n|, unless there are strong tensor resonances within the energy reach of 
PLC |0. 

Another very interesting potential application of photon-photon collisions at a high 
energy linear collider proposed recently fl4],|I5|| is WW scattering, as illustrated in Fig. 1. 
In this process each photon is resolved as a WW pair. The interacting vector bosons can 
then scatter pair-wise or annihilate; e.g., they can annihilate into a Higgs boson decaying 
into a WW or ZZ pair. In principle, one can use these processes 

7 (1) + 7 (2) -► W + (3) + W + (A) + W-(5) + W-(Q), 

7 (1) + 7 (2) -► W + (3) + W-(4) + Z(5) + Z(6) (1.2) 

for studying EWSB. In fact, this reaction at photon-photon collider is an analog of the 
reaction e + e _ — > vvWWivvZZ) at linear e + e~ collider. Event rates for the reaction (0) 
were estimated using effective W approximation (EWA) |16j for several models of EWSB 
and quite optimistic conclusions were given. However, EWA has a limited accuracy at 
energies of 1-2 TeV and, moreover, it does not permit to calculate the effects of the 
tag and veto cuts used to isolate the Higgs signal. In fact, much more diagrams (see 
Fig. 2) contribute to reactions (|2]) and it is unclear a priori that the background from 
WWWW, WW ZZ final states, all vector bosons being transverse, is manageable. We 
have presented our first results of the exact standard model (SM) tree level calculation 
for the reactions @ in |l7j and demonstrated that the observation of the heavy Higgs 



signal above the background is possible. Subsequently, the background was recalculated 
and, in addition, various models of EWSB were considered in [pl| confirming calculation 
0- 



This paper extends our earlier results [I7| on the heavy Higgs signal and background 



based on complete leading order calculation for reactions (0). In Section 2 we compare 
effective WjJWl luminosity in photon-photon and e + e~ collisions. The details of the 
calculation are given in Section 3. In Section 4 we present total cross sections for different 
polarizations of WWWW , WW ZZ final states. In Section 5 we will concentrate on the 
heavy (m# = 1 TeV) SM Higgs boson case as a prototype for models of strong EWSB 
and will show that its signal can be observed at a 2 TeV linear collider. We also show that 
Higgs boson with a mass up to 700 GeV should be relatively easily observed in photon- 
photon collisions at a 1.5 TeV linear collider. We conclude with some brief remarks in 
Section 6. 

2. Effective WlWl luminosity in photon-photon col- 
lisions 

In this section we try to estimate the Wl flux in photon-photon collisions in comparison 
to that in e + e~ collisions before calculating 77 — >■ WW ZZ, WWWW cross sections. An 



expression for the longitudinal W content inside the photon has been derived [19] 
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The conclusion was made that the photon had a more abundant distribution function at 
large z than electron |20[ 

fw L /e(z) = " l ~ Z (2.2) 

47r sin W z 

due to the hard component with the logarithmic enhancement factor. The derivation of 
polarized distribution functions of quasi-real equivalent Wl inside the photon is quite a 
subtle problem (see, e.g., discussion in [|HJ), so we will not rely on expressions like (|lj) 
and @ here. We just define the effective WlWl luminosity in photon-photon collisions 

as 
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W L W L h~j 

Here left hand side is the exact tree-level cross section for W + W~H production in photon- 
photon collisions, r = m 2 H /s = My VLWL /s. It is assumed that Higgs boson mass is large 
enough, so that transverse WtWt contribution is negligible. The form of the right hand 
side is derived from the expression of the cross section of Higgs boson production in WW 
fusion in terms of longitudinal W distribution function calculated relying on equivalent 
Wl approximation 
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We stress again that we will not use the EWA formulas like (|T],|D , but instead will use the 
equation (^) as a definition of Cw L w L h-y, thereby avoiding inaccuracies associated with 
expression ([!]). We believe this approach extends the applicability of EWA method to a 
wide kinematical region and foresees the use of any next-to-leading improved EWA dis- 
similarly, we define the effective W^Wl luminosity in e + e~ collisions 



tribution functions. 
as 
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collisions as a function of 
collisions is 



Fig. 3 presents the effective WlWl luminosity in 77 and e + e 
r for various values of center-of-mass energies. The WlWl luminosity in e + e 
almost independent of y^ as a function of r at r > 0.1 exhibiting scaling behaviour, as it 
is implied by (0). On the contrary, the WlWl luminosity in 77 collisions does depend on 
photon-photon center-of-mass energy, that again can be expected from EWA distribution 
function (|I|). While at \fs = 1 TeV the WlWl luminosity in photon-photon collisions 
coincides with the luminosity in e + e~ collisions at large values of r and is slightly smaller 
at low values of r, at higher energies Cw l Wl/t( ^ s severa l times larger than £\y L w L /e+e-- 
This confirms previous hopes that at multi-TeV energies photon beams can be more 



efficient source of energetic Wl& than electron beams. In fact, the larger luminosity in 
photon-photon collisions results from harder distribution function ([I]) and an additional 
factor of two, because both photons can produce W£ as well as W£. However, to compare 
the potential of photon-photon option of linear collider with that of original e + e~ option, 
one has to take into account that laser induced photon beams are not monochromatic [H : 
photon spectrum depends on the product of the helicity of the electron and laser photon 
and the highest photon energy is bounded by 

where Xq is the machine parameter related to the electron beam energy and laser photon 
energy g| 

Xq = . (2.7) 

The optimal value of xq is 4.8 ||, so that the maximum photon energy fraction is z max = 
0.8. A more realistic effective WlWl luminosity in photon-photon collisions calculated 
taking into account the photon distribution function 
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is presented in Fig. 4. We assume that the product of electron and laser helicity is 
2A e A 7 = 2A' e A 7 = —0.9. This case gives the hardest photon spectrum for 100% polarized 
laser beams and 90% polarized electron beams. For initial laser beam helicities of ++ 
and H — , final high energy photons are produced predominantly in Jz = and Jz = 2 
states, respectively. The effective luminosity is about two times larger for ++ initial laser 
helicities, but it is more than an order of magnitude smaller than for monochromatic 
photons. And for all energies the WlWl luminosity in photon-photon collisions is now 
almost an order of magnitude smaller than the WlWl luminosity in e + e~ collisions at the 
same center-of-mass energy. This fact can be easily understood. Consider, for example, 
the WlWl luminosity for 2 TeV linear collider at M WlWl = 1 TeV. The Cw L w L h^ is 
two times larger than C-w L w L /e+e- at ->/s 77 = y/s e + e - = 2 TeV. However, the maximum 
photon-photon center-of-mass energy is z max times smaller that e + e~ energy. The WlWl 
luminosity in photon-photon collisions steeply rises as a function of ^s 77 (see Fig. 5). At 
1.6 TeV C\y L w L h~i is 3 times smaller than at y/s^ = 2 TeV. Moreover, the integral over 
photon-photon luminosity spectrum in the interval (My/ L w L + 2Mw)/^/s = 0.6 < \fr < 
0.8 = z max is 0.35. And, finally, a factor of 2 is lost because within this interval WlWl 
luminosity decreases when r decreases. Thus, at y/s = 2 TeV and M WlWl = 1 TeV 
effective WlWl luminosity in photon-photon collisions for realistic photon spectrum is 
17 times smaller than that for monochromatic photon spectrum and 8 times smaller than 
WlWl luminosity in e + e~ collisions. 

Nevertheless, what should be emphasized, is that the luminosity of high energy 
photon-photon collider has a much less restrictive upper bound than that for e + e~ col- 
lider because of different conditions at the interaction point [H-H . And it is even stated 



that such a huge luminosity as 10 35-36 cm -2 s _1 might be achievable in photon-photon 
collisions |j|-||. So, it is quite possible that the lack of WlWl luminosity due to non- 
monochromaticity of the laser induced photon spectrum can be compensated by technical 
advantages of the photon-photon option of the linear collider. 

3. Matrix element 

The calculation of four weak gauge boson production in photon-photon collisions involves 
a large number of Feynman diagrams and, so, the efficiency and numerical stability are 
key issues. E.g., if one would calculate the square of the matrix element in unitary gauge, 
severe numerical cancellations would occur among the longitudinal p^pu/M"^ terms, as 
the cross section should be non-singular in the limit My/ — > 0. At y 7 ? = 2 TeV the matrix 
element squared of WWWW, WWZZ production will contain the most singular terms 
of the order of (E w /M w ) 20 ~ 10 16 , i.e. sixteen decimal digits will be lost! Hence, it is 
advantageous to use renormalizable gauge, e.g., 't Hooft-Feynman gauge, and work with 
amplitudes directly and square them numerically. Then the most singular amplitude of 
four longitudinal gauge boson production will involve cancellation of terms of the order of 
(Ew/My/Y, implying a loss of accuracy of three or six digits at photon-photon center-of- 
mass energy of 2 TeV or 10 TeV, respectively. Further, it is possible to reduce the number 
of diagrams using non-linear gauges f^TJ where mixed photon-jy-Nambu-Goldstone triple 
vertices are absent. 

There are five topologically distinctive graphs contributing to tree-level reaction with 
six external particles and all the diagrams describing processes (|2|) can be easily gener- 
ated. Some Feynman diagrams are shown in Fig. 2, where also are given multiplicities 
of diagrams for a given topology. We used a variant of non-linear gauge which we have 
exploited earlier for the calculation of one-loop reaction 77 — > ZZ [|T| . In total, there 
are 240 diagrams for WWWW production and 104 diagrams for WWZZ production. In 
't Hooft-Feynman gauge the number of diagrams is almost three times larger. 



We used symbolic manipulation program FORM |]22j to express the amplitude in the 
following form 

.M(77 -> WWWW, WWZZ) = 

/ j Ail---i6,jl---J4\ e ii e i2)\ e i3Pjl)\ e i4Pj2)\ e i5Pj3)\ e i6Pj4) 

h—ie,Jl—J4 

+ 2^i ^h-i6,ji,J2\ e h e i2)\ e i3 e i4)\ e i5Pji)\ e i6Pj2) 
h---H,ji,J2 



here pis and ei_6 are momenta and polarization vectors. This reduces the amount of 
numerical work when computing cross section summed over all helicity states, because 
coefficients A, B and C are independent of the polarizations and they have to be computed 
only once. In fact, all the terms in (]!]) have been further bracketed in such a way, that 
inner brackets contain parts which are independent of ei_4, and can be calculated for 



given polarization vectors e^e and remain constant when summing over ei_4. The next 
level of brackets contains parts which are independent of ei_2- Actually, on a DEC 
Station 5000 this matrix element can be evaluated roughly 1000 times per minute. In 
fact, matrix element was calculated both in non-linear and 't Hooft-Feynman gauges 
and these two results coincided with the machine accuracy. In addition, electromagnetic 
gauge invariance of (jl]) was checked numerically M.{e\,i — > pip) = 0. 

4. Cross sections 

Total cross sections for W + W~ZZ and W + W + W~W~ production in photon-photon col- 
lisions as a function of 77 center-of-mass energy for different initial and final polarization 
states and two values of the Higgs boson mass m# = 100 GeV and m^ = 00 are shown 
in Figs. 6, 7. Different combinations like TTLL and TLTL refer to a given order of W s 
and Z's: e.g., TLTL denotes W£W£Z T Z L or W^W^W^W? final states. 

For the jW + W~ vertex we use Thomson limit coupling a, while all the other cou- 
plings are derived from a(M z ), sin^vy and cos 9\y- So, we choose a 2 a(M z ) 2 as the 
overall coupling factor. Throughout this paper, we use the following set of electroweak 
parameters: 

a = 1/137.036, a(M z ) = 1/128.82, 
M w = 80.22 GeV, M z = 91.173 GeV, 
cos8 w = M w /M z . (4.1) 

Monte-Carlo numerical integration and event generation were performed by the program 
package BASES/SPRING @. 

One can see that the cross sections are slightly larger for equal initial photon helici- 
ties. The dominating contribution comes from four transverse gauge boson production. 
The larger is the number of longitudinal gauge bosons, the smaller is the cross section. 
However, longitudinal gauge bosons do not decouple at large energies and all the cross 
sections rise with energy even for light Higgs boson. For example, for WWWW produc- 
tion the ratio of TTTT/TTTL is about (60 -j- 70)%. The large fraction of longitudinal 



polarization states production was also observed earlier for 77 — > WW Z reaction |24 
The contributions from two longitudinal weak bosons TTLL and TLTL are about an or- 
der of magnitude smaller than that for TTTT production. The yield of TLLL and LLLL 
final states is even smaller, however one can see that for infinite Higgs boson mass their 
contribution can be orders of magnitude larger than for a 100 GeV Higgs. From Fig. 6 it is 
clear that large Higgs boson mass mainly affects the WW ZZ cross sections with at least 
two longitudinal Z bosons, e.g., for mu = 00 TTLL cross section increases by a factor 
of four at yfs = 2 TeV, while TLTL and LLTT remain almost the same. For WWWW 
production both TLTL and TTLL cross sections increase (see Fig. 7), but at large energy 
the TTLL cross section becomes dominating. This is a consequence of the well known 
fact that for infinitely heavy Higgs mass cross section of like charge W^W^ — > W^W^ 
scattering is larger than opposite charge W^W^ — > W^W^ scattering. Cross sections 



with transverse final gauge bosons, longitudinal "spectator" W bosons, ZtZt, Z^Z t or 
WtWtWtWl final states are practically the same for m H = 100 GeV and m H = oo. 

It is this rise of the cross section of longitudinal electro-weak gauge boson interactions 
that signals strong EWSB scenario [l|]. This effect is illustrated in Fig. 8 where produc- 
tion cross sections of TTTT + TTTL as well as of final states containing at least two 
longitudinal gauge bosons are compared for ran = 100 GeV and ran = oo. As usual, we 
can define the heavy Higgs boson signal to be the difference between the cross section 
with a heavy Higgs boson and the result with a light Higgs boson, e.g., 

a(signal for tjih = oo) = o{mu = oo) — o(mu = 100 GeV). (4.2) 

Consequently, cross section for light Higgs boson represents the background. From Fig. 8 
one can conclude that signal-to-background ratio is about 10% for total cross sections. 

The relative ratios of WWZZ and WWWW cross sections can be qualitatively un- 
derstood using EWA. At high energy the following relations hold for WW, ZZ scattering 
cross sections integrated over p± > p™ m > Mw, Mz for m# ~ Mw' 

a(W + W~ -> W + W~) ~ a(W ± W ± -> W ± W ± ) ~ It^v(W + W- -► ZZ), (4.3) 

COS 4 Vw 

i.e. WW — > ZZ cross section is about two times smaller that the other cross sections. 
Therefore, the ratio of the cross sections of transverse WWWW and WWZZ production 

is 

cr(77 -> WWWW) 



(4.4) 
a( 71 -, WWZZ) m ^ Mw 

!dz 1 dz 2 f wh {z 1 )f wh {z 2 ) [a(W+W- -> W + W~) + a (W + W + -» W + W + )} 
Jdz 1 dz 2 f wh (z 1 )f wh (z 2 )a(W+W- -+ ZZ) 

On the other hand, ratio of the cross sections of WWZZ, WWWW production through 
Higgs resonance is given by 



a( 77 -> WWWW) 



a( 77 -> WWZZ) 
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T(H -> ZZ) l J 



So, we conclude that signal-to-background ratio should be about two times larger for 
W-WZZ production than for WWWW production: 
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5. Signal of heavy Higgs boson at photon linear col- 
lider 

Results presented in this section are obtained taking into account realistic photon spec- 
trum p. We assume that the product of electron and laser photon helicity is 2A e A 7 = 



2AgA^, = —0.9 and A 7 A^ = 1, so that final high energy photons are produced predomi- 
nantly in J z = states. 

In Table 1 we summarize total cross sections for WWWW, WWZZ production at 
photon-photon collider realized at 1.5, 2 and 3 TeV linear collider. Cross sections are 
quite large, for example more than ten thousand events of four weak boson production 
will take place at 2 TeV linear collider with f Cdt = 200 fb -1 . As expected from (H), for 
mu = 100 GeV the WWWW cross section is about four times larger than WWZZ cross 
section. 

The scattering reaction @ leads to two scattered Ws or Z's emerging at large trans- 
verse momentum in the final state accompanied by two "spectator" Ws at low p± focussed 
along the beam direction. We assume that hadronic decay modes of the central pair will 
be observed, i.e. we will not distinguish W's from Z's. The heavy Higgs signal can be 
observed in the invariant mass spectrum of the two hard scattered weak bosons. To select 
these W's or Z's we label all the final gauge bosons according to their pseudo-rapidities 

\vi\ > M > \m\ > \v4- (5- 1 ) 

We are interested in the mass spectrum of the "central" pair m(y?y±), where V denotes 
W or Z. The important point to note is that in the framework of EWA the initial Wls 
participating in the WlWl scattering have a l/(p± + M^) 2 distribution with respect 
to incoming photons from which they are produced. This is to be contrasted with a 
P±/(p± + ^w) 2 distribution of the initiating W T 's, leading, e.g., to WtWt scattering. 
Analogous effect is known to take place for W distribution in quark - (anti-) quark or e + e~ 
collisions |j],[2|. The softer p± distribution in the WlWl case has a useful consequence: 
the spectator Ws tend to emerge with smaller p±_ and correspondingly smaller rapidity 
for WlWl scattering than those associated with the background processes of WtWt or 
WtWl scattering. Therefore, we will divide four final gauge bosons in two pairs of forward 
(backward) V1V2 and central V3V4 according to the ordering (P and will impose different 
cuts on these pairs. We require that [773,4! < 1 and, in addition, veto hard forward 
(backward) Ws [771,2! > 1.5 to enhance the signal-to-background ratio. Although, all 
that we need is the invariant mass spectrum of MiV^V^), to separate four gauge boson 
production from 77 — > W + W~ and 77 — ► W + W~Z backgrounds we will also tag forward 
(backward) spectators Vi ]2 in the region outside the dead cone along the beam direction 
1 7714-4 1 < Vo, where r]o is determined by the acceptance of experimental installation. 

The experimental signature is then given by four central hard jets from V3V4 decay 
with a branching ratio of 49% and jets or leptons in forward and backward regions from 
the decay of spectator W's. We have not modelled W, Z decays, so cuts will be imposed 
on momenta of vector bosons. W, Z pairs can be selected using the good knowledge of 
the W, Z mass. We assume that the procedure of W pair reconstruction at 500 GeV 



e + e collider [25 1 can be applied. From four central jets two jet combinations are selected 



which have masses closest as possible to the W, Z mass: 



mm 



(M (1) - M w , z ) 2 + (M {2) - M mz ) 2 \ . (5.2) 

The masses scatter significantly: only 38% of the W, Z pair events are in the region 



|M(i )2 ) — Mw,z\ < 10 GeV p5] . We assume that the same efficiency of central W, Z 
mass reconstruction is applied for our study. Reconstructing W, Z masses most of the 
QCD backgrounds should be rejected. Backgrounds from 77 — > ti can be eliminated by 
top-quark mass reconstruction and 6-tagging |25| . 



For the reaction 77 — > WW ZZ it is possible to test our procedure of separation of 
hard scattered Z's from spectator W's based on ([!]). In Figs. 9-11 various distributions 
of W, Z bosons and corresponding distributions based on labeling ([!]) are shown at 
y/s e + e - = 2 TeV and m# = 1 TeV and 100 GeV. It is assumed that either M(ZZ) or 
MiV^Vi) is greater that 500 GeV. In Fig. 9 pseudo-rapidity distributions are presented 
for Z and W bosons as well as corresponding distributions for mean rapidity of V3V4 and 
V1V2 pair. Z bosons have central rapidity distribution peaking at r\ z = 0. Spectator W's 
have rapidity distribution peaking in the forward-backward direction. For m# = 1 TeV 
the W distribution peaks at r]w — ±1.5, while for 100 GeV Higgs the background peaks 
at rjw — ±1- The (773,4) and (771,2) distributions roughly follow r\z and 77^ distributions, 
respectively. Fig. 10 presents p± distributions, p^_ and p±_ distributions are peaking 
at small values of p±_ < 100 GeV, while pf_ and p^_ distributions are wide and peak at 
pj_ ~ 250 GeV. The 1 TeV Higgs signal enriches large- (low-) p± tail of the pf (p±) 
distributions. From Fig. 11 one can see that the transverse momentum distributions 
of ZZ and V3V4 pair are again quite similar. Unlike the pf {pi ) distributions, most 
of the 1 TeV Higgs signal lies at pf z , p 3 ^ 4 < 200 GeV. Figs. 12-13 show the pseudo- 
rapidity and transverse momentum distributions for the reaction 77 — ► WWWW for 
MCV3V4) > 500 GeV. They look similar to corresponding distributions in Figs. 9-11. 

The M(y$Vi) invariant mass distribution for the signal (m# = 1 TeV) and background 
{vriH — 100 GeV) are shown in Fig. 14 at y/s e + e - = 2 TeV assuming that the annual 
integrated luminosity is 300 fb _1 . The luminosity is derived from rescaling of 20 fb _1 
for 500 GeV NLC to keep a roughly constant event rate for o" poin t = 47ra 2 /3s. The 
rapidity cuts 1 771.^4 1 < 3, |77 3j4 | < 1 and |r/ 12 | > 1.5 are imposed. The enhancement for 
run = 1 TeV in the region Miy^V^) > 500 GeV is clearly seen in all the histograms. As 
predicted from (§), the signal-to-background ratio is about two times larger for WWZZ 
than for WWWW reaction. Also, for 77 — > WWZZ reaction the M{V^V^) invariant 
mass spectrum looks almost the same as M(ZZ) one. 

We summarize our results for m# = 1 TeV and m# = 00 in Table 2. This table gives 
the signal and background event rates as a function of the dead cone along the photon 
beams direction. The pseudo-rapiditiy cuts 770 = 3, 2.5 correspond to approximately 5° 
and 10° dead cone, respectively. Hadronic branching ratio of 49% and 38% efficiency of 
the W, Z pair mass reconstruction are included. From the Table 2 is apparent that a 
1 TeV Higgs boson can be observable at 2 TeV PLC at 5a level even for large 10° dead 
cone. Comparing Tables 1 and 2 one can see that while the signal contributes only about 
10% to the total cross section for m.# = 1 TeV, appropriate cuts permit to enhance the 
signal-to-background ratio by an order of magnitude. While the signal-to-backgroud ratio 
is two times larger for WWZZ final state, due to a four times larger statistics reaction 
77 — > WWWW gives almost the same statistical significance of the Higgs signal. The 
"spectator" W veto 771,2 > 1.5 enhances the S/B ratio in 2-3 times, but at the expense of 



large loss in statistics, so that statistical significance is almost the same with or without 
the forward W veto. It is important to have as good as possible coverage in forward- 
backward directions. Changing rj Q from 3 to 2.5 we diminish the signal in 1.5-2 times. As 
for infinitely heavy Higgs boson, the statistical significance of the signal is always below 
3cr for any realistic detector acceptance. 

Fig. 15 and Table 3 show the signal and background for m# = 500 GeV and ttih = 
700 GeV at ^s e + e - = 1.5 TeV assuming the annual integrated luminosity of 200 fb _1 . The 
pronounced peak from 500 GeV Higgs boson should be easily observable with statistical 
significance greater than lOer. For m# = 700 GeV the peak is already quite wide, but 
still it should be observable at the level of about 4a. So, in principle, the reactions of 
WWWW, WW ZZ production in photon-photon collisions allow to observe Higgs boson 
heavier than 400 GeV, which is the maximum Higgs mass detectable in the reaction 



77 — > ZZ ||11| . However, for the former case Higgs boson production emerges from 
the W fusion reaction and has nothing to do with two-photon Higgs width, which can 
be measured for lighter Higgs in 77 — > ZZ reaction. It is hardly possible to push the 
observable Higgs mass well above 700 GeV at 1.5 TeV machine. 

Finally, to exemplify PLC potential to probe nonresonant strong WlWl, Z l Z l scat- 
tering in Fig. 16 and Table 4 we show results for infinitely heavy Higgs boson at ^Js e + e - = 
3 TeV assuming the annual integrated luminosity of 300 fb _1 . To avoid problems with 
non-unitarity of cross section of the longitudinal gauge boson scattering at high energy 
we assumed that MiV^V^) < 1.5 TeV. The excess of events for m H = 00 should be 
observable at 4a level even for the worst detector coverage. 

6. Conclusions 

We have demonstrated that significant signal from 1 TeV Higgs resonance can be ob- 
served in the hadronic final states in photon-photon collisions at 2 TeV linear collider 
for integrated luminosity of 300 fb _1 . The nonresonant strong scattering of longitudinal 
weak gauge bosons can be studied at larger collision energy of 3 TeV. Higgs mass range 
up to 700 GeV can be covered at 1.5 TeV PLC for integrated luminosity of 200 fb^ 1 . 

The most important question is, certainly, comparison of the potential of photon- 
photon collider with that of other machines. For hadronic and e + e~ colliders much more 
detailed investigations were done including decays of final W's and Z's and detector 
simulations |l],0, |]. For example, conclusion is done |4]] that the signal from 1 TeV Higgs 
boson is distinguishable from the case of massless Higgs at the center-of-mass energy 
of e + e~ collider of 1.5 TeV and integrated luminosity of 200 fb _1 . However, it is also 
found that the integrated luminosity of 310 fb _1 and 80 fb _1 is needed to discriminate 
the run = 00 signal at 3a level at 2 TeV and 3 TeV linear collider, respectively. So, we 
can very roughly estimate that potential of 2 TeV linear collider in photon-photon mode 
is at least the same as that of 1.5 TeV e + e~ collider, provided that their luminosities are 
the same. The optimistic conclusion of [18|] that luminosity of 10 fb _1 could suffice to 



study strong EWSB in photon-photon collisions at 2.5 TeV e + e collider is applicable 
only to resonant models of the SB, e.g. SM Higgs boson with a mass of 1 TeV. To observe 
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non- resonant strong Wl, Zl scattering (m# = oo) in 77 collisions, which is an adequate 
goal at e + e~ energy above 2 TeV, definitely the luminosity above 100 fb" 1 is needed. 
In addition, we should mention that conclusions of [[I], |, |J are based on the assumption 
that the background from e + e~ — ► e^vW^Z , which is comparable to the signal, can be 
suppressed by distinguishing the Ws from Z's in the final state. But the accuracy of 
calorimetric measurement of the di-jet invariant mass is as large as the intrinsic W-Z 
mass difference and it is not clear that high W-Z separation efficiency can be achieved. 
Finally, we would like to point out that if due to specific conditions at the interaction 
point a huge luminosity 10 35-36 cm -2 s™ 1 is technically achievable in high energy photon- 
photon collisions |^-§| and if it will be possible to make experiments at such a luminosity, 
photon-photon option will become very competitive with normal e + e~ mode of linear 
collider. 
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Figure captions 



Fig. 1. WW scattering at a photon-photon collider. 

Fig. 2. Typical Feynman diagrams corresponding to five different topologies contributing 
to the reactions 77 — > WWWW, WWZZ. The numbers below the diagram denote the 
total number of graphs belonging to a given topology. The numbers in parentheses refer 
to the reaction 77 — > WWZZ 

Fig. 3. The WlWl luminosity in photon-photon and e + e _ collisions as a function of 
r = My VhWL / ' s at the center-of-mass energy of 1, 2, 3, 5 and 10 TeV. For e + e _ case upper 
curves correspond to lower energy, while for photon-photon case, on the contrary, upper 
curves correspond to larger energy. 

Fig. 4. The WlWl luminosity in photon-photon collisions, calculated taking into account 
realistic photon spectrum, and in e + e~ collisions as a function of My/ L w L at the center- 
of-mass energy of 1, 2, 3, 5 and 10 TeV. Upper curves correspond to larger energy. ++ 
and H — refer to initial laser photon helicities A 7 A' = +1 and —1, respectively. 

Fig. 5. The WlWl luminosity in photon-photon collisions as a function of */s 77 for 
M WlWl = 0.5, 1 and 1.5 TeV. 

Fig. 6. Cross sections for different polarization states of initial and final particles of 
the reaction 77 — > W + W~ ZZ for ttih = 100 GeV and ttih = 00 as a function of 77 
center-of-mass energy. ++ and -\ — refer to initial photon helicities. Solid line denotes 
total cross section. Also are shown curves for different polarization states of W + W~ ZZ: 

TTTT( );TTTL( ) and TLTT ( );TLTL(- -),TTLL( ) 

and LLTT (- -); TLLL ( ) and LLLT (• • • •); LLLL ( ). 

Fig. 7. Cross sections for different polarization states of initial and final particles of the 
reaction 77 — > W + W + W~W~ for m H = 100 GeV and m# = 00 as a function of 77 
center-of-mass energy. 

Fig. 8. Comparison between the cross sections for ttih = 100 GeV and itlh = 00 for 
equal and opposite helicities of the initial photons. For the reaction 77 — > WWWW the 
following cross sections are shown: total cross section (solid line); the TTTT + TTTL 
cross section (dotted line); the sum of cross sections with at least two longitudinal final 
W's (dashed line). For the reaction 77 — > WWZZ corresponding cross sections are 
denoted by solid, dotted and dash-dotted lines. 

Fig. 9. Pseudo-rapidity distributions for the reaction 77 — > WWZZ for itlh = 100 
(shaded histogram) and 1000 GeV at ^s e + e - = 2 TeV for integrated luminosity of 
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300 fb _1 . 

Fig. 10. p± distributions for the reaction 77 — > WWZZ for van — 100 (shaded histogram) 
and 1000 GeV at ^s e + e - = 2 TeV for integrated luminosity of 300 fb -1 . 

Fig. 11. p^_ z and p 3 ^ 4 distributions for the reaction 77 — > WW ZZ for ra# = 100 (shaded 
histogram) and 1000 GeV at y/s e + e - = 2 TeV for integrated luminosity of 300 fb -1 . 

Fig. 12. Pseudo-rapidity distributions for the reaction 77 — > WWWW for tuh = 100 
(shaded histogram) and 1000 GeV at ^/s e + e - = 2 TeV for integrated luminosity of 
300 fb" 1 . 

Fig. 13. p± distributions for the reaction 77 — > WWWW for tuh = 100 (shaded his- 
togram) and 1000 GeV at ^s e + e - = 2 TeV for integrated luminosity of 300 fb -1 . 

Fig. 14. Invariant mass M(V 3 V 4 ) distributions for WWWW, WWZZ and WWWW + 
WW ZZ production in 77 collisions at 2 TeV linear collider for m# = 100 (shaded 
histogram) and 1000 GeV for integrated luminosity of 300 fb -1 . The last histogram 
assumes that W's are distinguished from Z's for WWZZ production, the corresponding 
cuts are 1 771-1-4 1 < 3, \qz\ < 1 an d \i]w\ > 1-5. No branching ratios or efficiencies are 
included. 

Fig. 15. Invariant mass distributions for WWWW, WWZZ and WWWW + WWZZ 
production in 77 collisions at 1.5 TeV linear collider for tjih = 100, 500 and 700 GeV for 
integrated luminosity of 200 fb -1 . 

Fig. 16. Invariant mass distributions for WWWW, WWZZ and WWWW + WWZZ 
production in 77 collisions at 3 TeV linear collider for m# = 100 GeV and 00 for inte- 
grated luminosity of 300 fb -1 . 
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Table captions 



Table 1: Total cross sections (in fb) for 77 -► W + W + W~W~ and 77 -»■ W + W~ZZ 
reactions at y/s e + e - = 1.5, 2 and 3 TeV. 

Table 2: Event rates for signal (S) and background (B), signal-to-background ratio and 
the number of standard deviations for WWWW, WW ZZ final states and their sum 
at ^/Sg+g- = 2 TeV, thh = 1 TeV and 00 for various values of the dead cone angle 
and various cuts. The invariant mass M 34 of central pair is required to be greater than 
500 GcV. Branching ratio of 49% for hadronic decays of central WW, ZZ pair and 
efficiency of central W, Z mass reconstruction of 38% are included. 

Table 3: Events rates at ^/s e + e - = 1.5 TeV and tuh = 500 and 700 GeV. For tuh = 
500 GeV the invariant mass M 34 of central pair is required to be 400 GeV< M 34 <600 GeV; 
for m H = 700 GeV 500 GeV< M 34 <900 GeV. 

Table 4: Events rates at ^s e + e - = 3 TeV and ttih = 00. The invariant mass M 34 of 
central pair is required to be 500 GeV< M 34 <1.5 TeV. 
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Table 1: 



^/s e+e - = 1.5 leV 


77- 


>wwww 


77" 


->WTTZZ 
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Table 2: 



y/s e+e - -2 TeV; J £d£ = 300 lb" 1 ; m H = 1 TeV; !'# = 0.52 TeV 
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Table 3: 



v/Se+e- = 1.5 '15eV ; J Cdt = 200 lb" 1 ; m H = 500 GeV; l' H = 64 GeV 
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Table 4: 



V s e+ e - = 3 TeV; J Cdt = 300 fb x ; m# = oo 
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Figure 9. 
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Figure 10. 



Vs = 2000 GeV, M H = 100 GeV & 1 000 GeV 
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Figure 11. 
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Figure 12. 
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Figure 13. 



Vs = 2000 GeV, M H = 100 GeV & 1 000 GeV 
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